Nearly one third of perinatal deaths are due to hypoxia occurring during pregnancy and labour. M any factors contribute to foetal hypoxia and in order to group these into orderly categories a classification of hypoxia, which is familiar to anaesthetists, has been applied to the maternal and foetal circulations. This theoretical approach forms a logical guide to our understanding the cause, prevention and treatment of foetal hypoxia.
INTRODUCTION
The first report of the British Perinatal Mortality Survey (1958) revealed that antepartum anoxia accounted for 11·2% of perinatal deaths and intrapartum anoxia contributed to a further 22 '9%. More recently in South Australia placental insufficiency and complications of labour together accounted for 28·6% of perinatal deaths (Cox 1976) . It is probable that either acute or chronic hypoxia contributed in a large number of these deaths. The morbidity associated with intrapartum hypoxia is more difficult to define but is a likely factor as a cause of mental retardation (Billings 1969) .
The following review is an attempt to view foetal hypoxia in a broad manner by using a classification familiar to anaesthetists, and in the process organizing current knowledge into orderly categories.
BASIC CONSIDERATIONS
The fall in oxygen tension from atmosphere to mitochondria has been called the oxygen cascade (Nunn 1971) and it is useful to consider this during pregnancy. Since the point of oxygen utilization is the foetal mitochondrion it is necessary to modify the cascade diagram ( Figure 1 ).
It can be seen that the cascade consists of mass transport at three sites (pulmonary ventilation, maternal blood flow and foetal blood flow) and diffusion at four sites (i.e. within the alveoli, across the alveolar capillary membrane, across the placenta and at the site of utilization). Normally maternal arterial blood enters the intervillous space at Pa0 2 95 mm Hg and the uterine vein, draining the space has a mean _ _ _ _ _ MATERNAL Pv0235 mm Hg. The intervillous space in the resting state at term represents about 250 ml of maternal blood. 6 P. BROWNRIDGE Human placental anatomy has only been clearly elucidated in this last decade. The basic functional unit is the foetal cotyledon of which there are thirty to fifty in the placenta at full term ( Figure 2 ). Each cotyledon is goblet shaped and consists of a dense mass of foetal villi supplied by a major trunk of umbilical vessels entering at the base of the goblet. Wigglesworth (1969) showed that each cotyledon is served by a single spiral artery from the mother which has been eroded by the developing trophoblast. The maternal spiral artery is therefore an open-ended vessel from which maternal blood actually spurts directly into the goblet (intervillous space) to bathe the foetal villi. There is little pressure loss from vascular resistance and blood entry is actually pulsatile, at a systolic pressure of 80 mm Hg and a mean of 50 mm Hg. Although it was postulated that countercurrent flow occurred between the two circulations, there is no such relationship in the human placenta (Barnes and Beeuwkes 1973) .
Oxygen Transfer
The fall in oxygen tension across the in tervillous space (Figure 1 ) appears large. Umbilical vein oxygen tension normally equals about 28 mm Hg and the umbilical artery has a P0 2 17 mm Hg.
Although the spiral artery P0 2 is almost 100 mm Hg, this value falls sharply as blood moves from the centre of the cotyledon. The foetus is adapted to the low oxygen tension by having a haemoglobin concentration of about 17 g%, and a shift in the foetal haemoglobin dissociation curve, with consequent raised affinity for oxygen (Oski 1973) . The reader is referred to the lucid account of this subject by Crawford (1972) . Maternal red cells also have a raised 2,3 diphosphoglycerate (DPG) content whIch enhances oxygen release to the foetus (Rorth and Bille Brahe 1971) .
Placental Circulatory Dynamics
Uterine blood flow increases as expected during pregnancy and at term reaches 500-700 ml per minute, although only 75% of this flow is available for foetal transfer (Assali et al. 1974 ). This represents a flow increase of twenty times the non-pregnant level. Foetal blood flow through the placenta at term approximates 300 ml per min., but it should be noted that the foetal cardiac output is three times greater than the adult on a weight basis, and furthermore that the arterial pressure is lower i.e., the peripheral resistance is considerably less than the adult ). The relative hyperdynamic state of both circulations will be stressed during the discussion since it is of vital importance to foetal well-being.
Studies indicate that auto-regulation of placental flow does not occur during anaesthesia and placental perfusion depends on arterial pressure. However, this may be an oversimplification, since alpha adrenergic receptors have been demonstrated in myometrial tissue, and uterine vascular resistance increases following norepinephrine (Ladner et al. 1970) . Nevertheless the importance of avoiding hypotension remains particularly relevant in the pregnant state.
CLASSIFICATION OF HYPOXIA WITH SPECIAL REFERENCE TO THE FOETUS
Sir Joseph Barcroft (1920) named three major categories of cellular hypoxia, anaemic, hypoxic and stagnant. These categories can also be derived from the oxygen flux formula (Nunn 1971) , and will be examined in turn but modified to take account of the two circulations. Although Anaesthesia and Intensive Care, Vol. VI, No. 1, February, 1978 each will be regarded separately, in practice there may be several factors acting in combination to affect oxygen delivery to the foetal cells.
Anaemic Hypoxia
By definition this means a reduction in the haemoglobin concentration or the presence of an abnormal form of haemoglobin.
(a) Maternal: The so called "physiological anaemia of pregnancy" is largely a haemodilutional effect since the red cell volume actually rises, but to a lesser extent than plasma volume (Lund and Sisson 1958) . However, haemoglobin values of less than 10·4 g/100 ml are probably abnormal (Let sky 1976). Maternal anaemia causes foetal hypoxia (Fleming 1974) according to severity, until there is a 35% perinatal mortality when the maternal Hb is below 4·0 g/100 ml.
Inherited haemoglobinopathies are uncommonly encountered in Australia, but ","-omen with Sickle Cell Disease have a pennatal mortality rate of 51-55% and other complications (Fort et al. 1971) . It is particularly important that anaesthetic management is perfect, and hypoxia and dehydration avoided (Searle 1973) . The thalassaemias also have an increased perinatal mortality--especially the alpha thalassaemias which commonly result in stillbirth.
Acute or chronic anaemia due to haemorrhage is not uncommon as a complication of pregnancy. Anaemic hypoxia may be due to conversion. of haemoglobin to a form which cannot combIne with oxygen, or the dissociation curve l!lay ?e displaced to the left. The haemoglobm dISsociation curve is shifted to the left by hypocapnia which occurs during pregnancy and more so in labour, although this is offset by the raised levels of 2, 3-diphosphoglycerate. Carboxyhaemoglobin may be incriminated in the higher perinatal mortality rate associated with smoking and pregnancy, (Rush and Kass 1972, Butler et al. 1972) although it seems that nicotine is the causative factor (Manning and Feyerabend 1976) . Methaemoglobinaemia may occur as a result of the action of prilocaine (Scott, Owen and Richmond 1964) .
(b) Foetal: Foetal anaemia is uncomm~m even in the presence of severe maternal anaemIa. Rhesus isoimmunization with consequent haemolysis of foetal red cells is associated with a ~igh perinatal mortality. Foetal haemorrhage IS a complication of vasa praevia, (in which major foetal placental vessels are presenting) and bleeding may occur from one foetus to its twin. Haemorrhage is also a rare iatrogenic hazard of foetal scalp blood sampling during labour and amniocentesis.
Hypoxic Hypoxia
By definition arterial oxygen saturation is reduced.
(a) Maternal: A fall in Pa0 2 may be caus~d by a fall in barometric pres~ure, a de~rease In inspired oxygen concentratIOn, an Increased oxygen usage and a reduced alveolar ventilation.
(i) Barometric Pressure: High altitude ~an influence foetal growth, presumably by causIng lowered tissue oxygen tensions (Kruger and Arias-Stella 1970) . Hyperbaric conditions in human pregnancy have not been evaluated.
(ii) Inspired Oxygen ~on~entration: It ois self evident that a reductIon In FI0 2 below 21 Yo produces hypoxic arterial oxygen tensions. The deleterious effects on the foetal heart rate of breathing 10% oxygen has been described by Wood et al. (1971) . Inhalation of nitrous oxide mixed with less than 21 % oxygen is inexcusable, and modern apparatus for self administration must ensure that this cannot occur. The Minnitt nitrous oxide/air apparatus was capable of delivering less than 10% oxygen (Cole and Nainby-Luxmoore 1962) and .c€~ed to be recognized by The Central MIdWIves Board (U.K.) in 1962. The value of increasing the inspired oxygen concentration on the foetus has received much attention. In an excellent review by Lumley and Wood (1974) they concluded that raising the inspired oxygen produces a small .hut significant increase in foetal oxygen tenSIOn, although the lag time IS longer than with maternal tissues. Fears by Saling (1963) that oxygen therapy might cause reduced placental perfusion to a degree such as to negate the effects of hyperoxygenation-or even aggravate foetal hypoxia-have not been confirmed. Rorke et al. (1968) suggested that placental perfusion is impaired to a degree sufficient to cause foetal acidosis when maternal levels of Pa0 2 300 mm Hg and above are exceeded, but Marx and Mateo (1971) were unable to support this.
Using 50% oxygen and nitrous oxide (Entonox) by self administration in labour, Davies, Hogg and Rosen (1975) found a mean increase in maternal Pa0 2 of 64 mm Hg at the end of a contraction. This peak increase coincided with the period when placental flow P. BROWN RIDGE is greatest, and might therefore be valuable if foetal hypoxia is present, although this is as yet unproven.
In the last decade several authors have recorded improvements in foetal scalp oxygen tensions, foetal heart rate (FHR) pattern and acid-base balance resulting from maternal oxygen inhalation. Newman et al. (1967) and Walker et al. (1971) showed foetal scalp capillary blood P0 2 changed in the same manner as maternal capillary blood with different inspired oxygen mixtures and was most effective at Fr0 2 100%. Khazin, Hon and Hehre (1971) confirmed these findings and also showed that maternal hyperoxia alleviates "hypoxic" FHR patterns. Whether oxygen therapy in conjunction with a vasodilator would further improve foetal oxygenation is debatable. Tervila et al. (1973) using xanthinol nicotinate found no appreciable difference. It is surprising that the combination of oxygen and epidural blockade on foetal oxygenation have not yet been studied.
The above studies indicate clearly that a raised inspired oxygen concentration during labour and obstetric anaesthesia is safe, sensible and beneficial to the foetus.
(iii) Oxygen Consumption: Levy showed in 1904 that oxygen consumption is increased during pregnancy. Prowse and Gaensler (1965) have demonstrated this to be of the order of 21 % and is further raised during labour. Alveolar ventilation more than compensates for this demand as indicated by the well established fall in Pa0 2 during pregnancy. The increased oxygen consumption can be attributed to foetal and placental metabolism, the response to pain, hyperventilation during labour and active pushing. There may also be added pathological causes due to pyrexia from infection or hyperthyroidism, or convulsions as complications of eclampsia, epilepsy or toxic reaction to a local anaesthetic. It would therefore seem sensible to lower maternal oxygen consumption from these causes in the presence of foetal hypoxia and there is support for this view.
The work of breathing is removed whenever general anaesthesia is maintained with muscle relaxation and controlled ventilation. Presumably the metabolic response to pain is also removed, and several authors have noted that foetal distress disappears once anaesthesia is induced (providing hypotension and aortocaval compression are prevented). Oxygen consumption may also be reduced during labour by effective regional analgesia following epidural or paracervical block. Sangoul, Fox and Houle (1975) demonstrated a mean 14% fall from 320 ml/min to 270 ml/min. This reduction was mirrored by similar falls in tidal volume and minute ventilation. Analgesia by epidural block is also followed by a decrease in maternal blood lactate (Marx and Greene 1964) and these changes are beneficial to the foetus-providing the second stage of labour is not unduly prolonged .
(iv) Alveolar Ventilation: It is well established that hyperventilation is "a normal accompaniment of pregnancy" (Crawford 1972) . At term alveolar ventilation is about 70% above normal (Cugell 1953 ).
This increase is in excess of oxygen needs and accordingly alveolar PC0 2 is lowered by about 10 mm Hg, and therefore a similar rise in alveolar oxygen tension is expected. During labour hyperventilation is often exaggerated (Fisher and Prys-Roberts 1968) especially when inhalation analgesia is used although during active pushing ventilation is intermittent, and continuous arterial oxygen monitoring shows a fall in Pa0 2 during each contraction (Esteban-Altirriba 1960). Hypocarbia has circulatory effects which will be referred to in the next section.
The alveolar gas equation predicts that a reduction in ventilation lowers alveolar oxygen tension. It is important to remember that the degree of change in alveolar P0 2 with ventilation follows a series of hyperbolic curves depending on oxygen consumption (Nunn 1969) . During labour oxygen consumption of 400 ml/min is common, and with this metabolic rate alveolar ventilation below 7Ljmin shows progressively marked falls in Pa0 2 (Figure 3 ). An alveolar ventilation of 3L/min in these circumstances reduces Pa0 2 to 40 mm Hg breathing air. A reduced ventilation therefore below about 7L/min during labour is likely to cause foetal hypoxia.
Hypoventilation produces hypoxia more readily during pregnancy (Bonica 1967) although the respiratory depressant effects about 7Limin during labour is likely to cause foetal hypoxia. Hypoventilation produces hypoxia more readily during pregnancy (Bonica 1967) although the respiratory depressant effects of narcotics and inhalation agents in practice are counteracted by pain in labour. Nevertheless care is needed when efficient regional analgesia is performed after unsatisfactory use of other methods, that the residual effects of circulating analgesics do not cause undue depression of ventilation. Although Krantz et al. (1973) did not record elevated PaC0 2 during spontaneous ventilation under light general anaesthesia they did not measure pre-anaesthetic PaCo 2 or Pa0 2 and it seems preferable to control ventilation in obstetric patients via an endo tracheal tube. Unexpected high subarachnoid block may produce alveolar hypoventilation by paralysis of intercostal muscles. This complication is much less likely to occur following epidural analgesia in labour especially with modern agents in low concentration (e.g. bupivicaine 0·25 %) where motor blockade is less.
(v) Alveolar -arterial oxygen difference: The above discussion has considered factors affecting maternal alveolar oxygen tension.
It is necessary to also consider the effects of pulmonary venous admixture since a raised alveolar m :J: Note the alveolar ventilation required to maintain alveolar PO. above 100 mm Hg at the higher oxygen consumption in labour. (Modified from Nunn 1971.) arterial oxygen difference will lower arterial tensions delivered to the intervillous space ( Figure  1 ). Despite hypocapnia maternal Pa0 2 tends to be lower than in non-pregnant women of the same age and show a wider scatter (Stenger et al. 1964) . A likely explanation is that the reduction in functional residual capacity (FRC) which accompanies pregnancy (Cugell 1953 ) commonly encroaches on the closing volume of the lung, producing a degree of airway closure. Bevan et al. (1974) measured closing volume between 36 and 40 weeks gestation and found that airway closure occurred during tidal ventilation in 50% of patients in the sitting position. The resultant increase in pulmonary venous admixture would lower arterial oxygenation. Therefore the small advantage of raised ventilation on alveolar oxygen tension may be frequently negated by venous admixture during pregnancy.
Obesity and recumbency may aggravate this affect further.
Hypovolaemia, and reduced venous return also increase the alveolar-arterial oxygen difference in addition to their other deleterious effects and must be corrected during labour. Similarly, hypotension from any cause will also reduce PA0 2 as a result of increased scatter of ventilation/perfusion relationships in the lung (Wildsmith et al. 1975) . Intermittent positive pressure ventilation by elevating Vn/VT ratios and increasing venous admixture also raises alveolar-arterial oxygen difference to varying degrees (Conway 1975) . Accidental endobronchial intubation and one-lung anaesthesia produces gross venous admixture (Torda et al. 1974 ) and must be avoided.
(b) Foetal: Hypoxic hypoxia occurs if the intervillous P0 2 is lowered or if foetal oxygen consumption is raised. Factors affecting the former have already been discussed in the preceding section.
Oxygen consumption of the foetus itself at term is about 5 ml/kg/min ). (The resting adult figure is 3·9 ml/kg/min). Foetal oxygen consumption is presumably reduced by general anaesthesia. Also maternal hypoxaemia causes a fall in foetal oxygen usage (Acheson, Dawes and Mott 1957) but at the cost of foetal anaerobic metabolism and progressive acidosis.
I ntervillous-umbilical vein oxygen difference: An increased oxygen tension difference between the intervillous space and umbilical venous blood may be expected if mal-distribution between the two circulations occur or if the diffusion membrane is altered in respect of surface area, diffusion distance or changed properties of the barrier separating maternal and foetal blood.
There are several ways in which placental pathology may hinder diffusion and retard normal foetal growth. Usually these complications occur later in pregnancy and are loosely described as "chronic placental insufficiency" e.g., associated with pre eclampsia, hypertension, post maturity, diabetes and cigarette smoking. In these cases there may be "premature ageing" of the placenta, microinfarction and fibrin deposition with possible superadded diffuse intravascular coagulation. Placental abrupt ion and retroplacental coagulation are sudden causes of diffusion failure which may be fatal to the foetus.
STAGNANT HYPOXIA
The third and final factor in the oxygen flux formula is perfusion and a reduction of flow insufficient for tissue needs is referred to as ischaemic or stagnant hypoxia. Again there are the two cilculations to consider.
(a) Maternal: The physiological increase in cardiac output during pregnancy has been stressed as a most important response to the raised oxygen requirements and a sufficient share to the placenta is the life line to the developing foetus. The altered haemodynamics of pregnancy, labour and pharmacological agents is complex since there are usually several actions and responses by the intact patient which must be remembered when considtring animal preparations. Nevertheless there are four main sites of actions to discuss which may directly or indirectly reduce flow to the placenta, namely cardiac output, arterial resistance to flow, venous return and finally the effects of the uterus itself.
(i) Cardiac Output: Apart from the increase in cardiac output which is maintained throughout pregnancy-and not diminished in the last month providing aortocaval compression is avoided (Lees et al. 1967 )-there is a shortened pre-jection period (PEP) and increased myocardial contractility probably due to steroid hormones (Burg et al. 1974) .
Both cardiac rate and stroke volume may be adversely affected by anaesthetic agents and techniques. Vagal stimulation occurs after suxamethonium and parasympathetic dominance may be noted in the presence of high regional blockade. It is therefore prudent to prescribe a vagolytic prior to general anaesthesia or regional blockade for obstetric surgery. Intravenous induction agents generally reduce cardiac output, except kftamine which has been advocated in obstetrics (Peltz and Sinclair 1973) . All common inhalation agents are direct myocardial depressants as elegantly demonstrated in a series of papers by Prys-Roberts and Associates (1972, 1973) although some (notably ether and cyclopropane) have a direct stimulating effect on the central sympathetic system.
The myocardial effects of local anaesthetics are complex depending on several variables-the agent itself, the plasma concentration and degree of central nervous stimulation, the level of blockade (e.g. effect on cardio-accelerator fibres) and whether adrenaline or other vaso active agent is added. In sub convulsive doses in the conscious patient lignocaine and probably other local anaesthetics, although having a direct myocardial depressant effect, (Stewart et al. ] 963) produce an increase in heart rate and cardiac output due to central nervous system (CNS) stimulation (Jordfeldt et al. 1968 ). In general, lignocaine produces minimal changes in cardiac output in the therapeutic range and myocardial depression is seen only in the presence of depressant drugs (e.g. barbiturates, opiates) sympathetic blockade or when toxic levels of local anaesthesic are produced (Blair 1975) . The cardiovascular effects of epidural analgesia has been recently reviewed by Stanton-Hicks (1975) . There have been few studies on cardiac output during normal labour during regional analgesia. The beta-effects of adrenaline on the heart produce increased heart rate and cardiac output of 49% in non-pregnant subjects when adrenaline 5 fLg/ml was added to 2% lignocaine in the epidural space (Bonica et al. 1971 ). However, Corall et al. (1975) found insignificant changes in heart rate, arterial and central venous pressures continuously monitored during labour when adrenaline was added to 0·5% bupivicaine. Ueland et al. (1970) noted a marked deterioration in cardiac output following subarachnoid block which did not occur with balanced general anaesthesia and they recommend accordingly the latter for the ill cardiac patient.
However they performed Caesarian Section in the supine position (see below). The action of local anaesthetic drugs on cardiac output seem to be of minor significance during pregnancy providing venous return is assured, toxicity avoided and an unexpected " high block" counteracted.
Another factor which influences cardiac output is the carbon dioxide tension. It is well established that a fall in PAC0 2 to about 32 mm Hg normally accompanies pregnancy (Weissbrot et al. 1958) , and hypocarbia becomes exaggerated further during labour in response to pain (Saling and Ligdas 1969) . Self administered nitrous oxide is associated with the largest fall (Fadl and Utting 1969) . The significance of severe hypocarbia during labour on the cardiac output is likely to be small but passive hyperventilation during anaesthesia lowers cardiac output (Prys-Roberts et al. 1967 ) and consequently raises the alveolar-arterial oxygen difference.
I t seems sensible therefore to maintain PaC0 2 during general anaesthesia above 35 mm Hg for this reason and others which will be mentioned later.
Cardiac output may also be reduced by excessive positive intrathoracic pressure. This occurs during active pushing in the second stage of labour which can be regarded as a series of Valsalva manoeuvres. The normal response consequent to the reduced venous return and cardiac output is compensatory vaso-constriction. During epidural blockade the ability of peripheral vessels to compensate is lowered so that a greater fall in blood pressure occurs and Anaesthesia and Intensive Care, Vol. VI, No. 1, February, 1978 the overshoot is much smaller (Weaver, Pearson and Rosen 1974) . These responses may exert a deleterious effect on placental perfusion during the second stage of labour conducted under epidural block, since had earlier found a greater degree of foetal asphyxia in women with epidural analgesia making expulsive efforts compared with those who did not. Clearly good supervision is required during the second stage of l~bour and delivery expedited if the foetus shows signs of distress.
During general anaesthesia application of intermittent positive pressure ventilation (IPPV) produces only small changes in cardiac output (Prys-Roberts et al. 1967) with an inspiratoryj expiratory ratio of 1:2. However, in the presence of hypovolaemia, reduced venous return, beta-blockade or widespread regional analgesia, cardiovascular compensations to IPPV is reduced and cardiac output may then be reduced by excessive raised intrathoracic pressure (Conway 1975) . It seems sensible therefore in obstetrics to maintain the mean intrathoracic pressure at a minimum by ensuring a short inspiratory period and no resistance to expiration.
(ii) Peripheral Resistance: There are both general and local factors which may reduce placental perfusion by raising arterial resistance. Since the cardiac output is raised during pregnancy and the blood pressure shows little change then peripheral resistance is lowered (Schwarcz et al. 1966 , Ueland et al. 1970 .
The change in carbon dioxide tension during pregnancy and labour have already been discussed. Apart from the cardiac effects of hypocarbia a low PaC0 2 also increases the peripheral resistance by both direct and secondary central actions (Utting 1971) . Also hypocarbia shifts the haemoglobin dissociation curve to the left. Several authors have investigated whether this complex combination of effects reduces placental perfusion and jeopardizes the foetus.
In an excellent review, Lumley and Wood (1974) concluded that foetal hypoxia did not follow hyperventilation in labour. Saling and Ligdas (1969) found a progressive maternal and foetal metabolic acidosis but this was not confirmed by others. measuring maternal arterial acid-base balance and arterial lactate concentration found that in normal labour progressive metabolic acidosis occurs. Epidural analgesic prevented this progressive acidosis during the first stage of labour (although not the second) presumably by removing the tendency to hyperventilation and other effects of pain.
During general anaesthesia the conclusion that hypocarbia may produce foetal hypoxia is a little more clear. Moya et al. (1965) found hypoxia and acidosis associated with hyperventilation. In a small series of widely differing maternal blood gas conditions during Caesarian Section however, Baraka (1970) found no correlation between maternal PaC0 2 and foetal Pa0 2 • It may well be that the whole question of carbon dioxide tension and Caesarian Section has been exaggerated by some authors when one considers all the other rapidly changing circulatoryeffects (Editorial 1972) . However, hypocarbia should probably be avoided and a maternal PaC0 2 of 35-40 mm Hg seems a sensible value to aim for. This is readily achieved using a circle system without an absorber, a fresh gas flow of 6Ljmin and a minute volume of about 10L (personal observations).
Regarding muscle relaxants, pancuronium has attractive properties because it does not cause ganglion blockade and cardiac output is usually increased, with a consequent rise in blood pressure (Stoelting 1972) . Since placental perfusion is pressure dependent, suxamethonium and pancuronium are the muscle relaxants of choice in obstetrics.
Peripheral resistance is reduced by regional blockade. This is largely due to fall in peripheral resistance following sympathetic block, although local anaesthetics have a direct relaxant effect on peripheral arterioles (Covino 1972) . In nonpregnant subjects Bonica et al. (1970) found that epidural analgesia extending to T 5 is associated with a decreased peripheral resistance (PR) of 18· 7 %. Also the addition of adrenaline to lignocaine influenced the cardiovascular effects of epidural blockade by further reducing PR but markedly increasing cardiac output so that blood pressure fell to a lesser degree than with a plain lignocaine solution administered by the same route (Bonica et al. 1971) . More recently Murphy et al. (1976) confirmed these findings using etidocaine and lignocaine. In the obstetric patient evaluation of the cardiovascular effects of epidural blockade is complicated by the presence of the other factors, e.g. concurrent medication, hypovolaemia, caval compression and pre-existing high sympathetic tone due to pain and anxiety. Whilst much therefore remains unclear it is imperative to consider these many variables, and in particular guard against hypotension following regional block in obstetrics in order to maintain placental perfusion.
Management during labour to avoid hypotension following regional block includes avoiding the supine position, tilting in lithotomy position (see below) and ensuring adequate hydration. These measures are usually all that are necessary and vasopressors are rarely required. If systolic blood pressure remains below 100 mm Hg despite these measures or hypotensive symptoms persist then a vasopressor is indicated. Rapid falls are more likely with subarachnoid block (Bonica 1967) . Ephedrine 10 mg intravenously is preferred by most authors (Moir 1971) for its beta-adrenergic stimulating effects, rather than using primary alpha-stimulating drugs which have no effect on cardiac output, reduce uteroplacental flow and induce tetanic uterine contraction (Vasicka et al. 1964) .
Compression of the aorta by the gravid uterus in the supine position frequently reduces uteroplacental flow. Bieniarz et al. (1968) measuring femoral and brachial artery pressures stated that in the supine position the uterus may divide the maternal circulation into two zones at L4: distal to the point of obstruction where arterial pressure and flow is decreased and proximal to the obstruction where aortic pressure may be increased. These findings were supported by Eckstein and Marx (1974) who showed a decrease in femoral blood pressure while upper limb pressure increased or remained unchanged in the supine position. When compensatory vasoconstriction was reduced by epidural block Weaver, Pearson and Rosen (1975) measuring radial artery pressure continuously and limb flow by plethysmography found a 9% fall in mean radial artery pressure and 26 '9% fall in flow to the legs in the supine compared with the lateral position. They inferred that the supine position in labour in the presence of epidural block would result in foetal asphyxia more commonly than otherwise. This was in fact confirmed by Schifrin (1972) using foetal monitoring.
(iii) Venous Return,' Un impeded venous drainage is important to ensure an adequate filling pressure for the heart and maintain cardiac output. It is particularly important therefore to ensure that blood volume is adequate to fill the capacitance vessels in obstetrics by transfusion or infusion. Institution of epidural analgesia in the presence of dehydration or haemorrhage may otherwise produce marked hypotension and should be prevented by intravenous fluid replacement. In general, providing there is no cardiac decompensation it seems sensible to ensure a full blood volume during caesarian Section-especially when performed under regional block by giving 1·0 to 1·5 L of intravenous fluids prior to surgery.
Besides compressing the aorta in the supine position it is well accepted that the gravid uterus compresses and may completely obstruct the inferior vena cava (Kerr, Scott and Samuel 1964) and venous return is redirected via collateral veins, principally the vertebral venous plexus (Scott and Kerr 1963) . In a minority of patients (2-3% Holmes 1960) the reduced venous return is so severe that compensatory vasoconstriction is inadequate to maintain cerebral perfusion and the "supine hypotensive syndrome" occurs. Under conduction analgesia the incidence of this syndrome is greatly increased again due to further reduced ability to compensate for the lowered venous return, i.e. "the concealed caval compression thereby becomes revealed" to use Crawford's description. The fact that neither symptoms nor brachial hypotension occurs in the majority of patients in the supine position is no cause for reassurance or to assume that placental perfusion is unaltered. Drummond et al. (1974) measuring arm and leg blood flow in the supine and lateral positions found a 50% reduction in leg flow in threequarters of patients in the former position. Since normal flow returned on re assumption of the lateral position, they assumed that reduced cardiac output was the mechanism following vena caval compression.
The fact that the supine posture can be deleterious to the foetus has been confirmed by several authors. Humphrey et al. (1973) in a controlled trial of 20 patients in labour, however, found significant foetal asphyxia in only 2 cases and they did not feel that complete avoidance of the supine position was indicated. On the other hand Bromage (1975) stated that during the second stage of labour foetal pH fell by 0·26 over 30 minutes in the dorsal position but not in the lateral position. Ansari et al. (1970) reported a significant improvement in umbilical vessel oxygen saturation at Caesarian Section when a ten degree left tilt was instituted, especially in patients under spinal block. Ueland et al. (1968) found a 34% fall in cardiac output after subarachnoid block in the supine position prior to Caesarian Section. Crawford et al. (1972) in a study of 150 patients also found that lateral tilt during section produced less maternal and foetal asphyxia and less clinical depression of the newborn, especially with a prolonged induction-delivery interval. In a subsequent study Crawford et al. (1973) found further improvement in the neonatal condition when patients had been laterally tilted for at least 30 minutes before induction. There was a less marked increase in maternal metabolic acidosis and more efficient foetal oxygenation. Downing et al. (1974) confirmed the benefits to the foetus of displacement of the gravid uterus from the aorta and vena cava. Uterine displacement, from evidence cited, should therefore be mandatory in the last trimester.
Venous return is influenced by uterine contractions. During the first stage small increases in cardiac output occur during contractions (Ueland and Hansen 1969) due to expulsion from the uterus of some 200 ml of blood into the vena cava. However, these increases in cardiac output are minimal when measured in the lateral position rather than the supine position (Lees et al. 1970) suggesting in the latter that caval compression produces a lower cardiac output in between contractions and so an apparently bigger increase resulting from blood expulsion. These findings are not surprising in view of the previous discussion.
(iv) Uterine Activity,' The final source of reduced placental perfusion is the uterus itself. It is well known that the uterine contraction reduces uterine flow in proportion to its magnitude. This fact can be used with benefit in order to reduce placental transfer of thiopentone by inducing anaesthesia at the beginning of a contraction (Finster et al. 1966) . Since each contraction reduces uterine flow and placental perfusion, it is not surprising that stress to the foetus is increased as labour progresses. Several authors have demonstrated decreased uteroplacental flow with contractions (Borell 1965 , Lees et al. 1971 . Tetanic uterine contractions are accompanied by marked decrease in uterine flow and foetal asphyxia. Ketamine also has oxytocic effects (Galloon 1973) and the same author in a later study concluded that Ketamine was less than ideal in obstetrics for this reason (Galloon 1976) .
Certain local anaesthetic blocks, particularly paracervical block, have been associated with foetal bradycardia, acidosis and death (Finster et al. 1965 , Sinclair et al. 1965 . Whether the cause is a direct toxic effect on the foetal heart or secondary to an increased uterine tone or vascular spasm remains controversial. It seems that both mechanisms can occur, and the direct effects will be considered in the next section. Regarding paracervical block there is support for the view that foetal bradycardia which occurs in 1 %-22% of cases (Cooper and Moir 1963, Teramo 1969) is associated with foetal hypoxia and acidosis secondary to increased uterine tone. Local anaesthetics have been shown to be oxytocic in vitro (McGaughey et al. 1962 ) and a careful study by Freeman et al. (1972) found that 24 out of 92 patients demonstrated foetal bradycardia after paracervical block. In these, the foetal scalp pH was significantly lower, the foetal electrocardiograph did not show any consistent pattern and a transient increase in uterine activity occurred in most cases. Even in those cases where uteline activity was not raised the authors postulated that a dose of local anaesthetic sufficient to cause localized myometrial contraction was possible due to the close proximity from the site of injection. It should be noted that most stUdies, including Freeman's, have been performed after paracervical block in the supine or lithotomy position where aortacaval compression was not prevented. Liston et al. (1973) pointed out that very high blood levels of local anaesthetic are required to produce myocardial depression, and foetal levels after paracervical block were considerably lower than maternal venous levels, despite a 50% incidence of foetal heart rate abnormalities and acidosis. They supported the view that interference with placental circulation is a more likely explanation of the high incidence of foetal hypoxia following this procedure. The safety of paracervical block to the foetus is therefore doubtful, and there would seem to be little justification for its use in labour when more efficient techniques are available.
A further possibility to consider is the effect of vasoactive drugs upon the uterine vascular bed independent of myometrial activity. This is an area of almost total ignorance. However, both alpha and beta adrenergic receptors exist in the uterus and certain animal experiments support uterine vasoactivity (Ladner et al. 1970) .
The uterine contraction acts as an intermittent stressful stimulus to the foetus (Beard and Simons 1971) and two very useful tools are thereby available during labour to evaluate foetal well-being, namely foetal heart rate (FHR) monitoring and measurement of capillary pH from foetal scalp samples. FHR monitoring during labour provides the most valuable practical early warning of foetal hypoxia since heart rate changes precede foetal acidosis. Foetal scalp blood sampling provides confirmation of acidosis and has only a small error with experience. A pH value between 7 ·20 and 7 ·25 is regarded as "preacidotic" warranting early delivery (Saling and Schneider 1967) . The reader is referred to excellent reviews by Beard and Simons (1971) and Hon (1974) .
(b) Foetal: It remains only to consider the foetal circulation, since a fall in foetal cardiac output or reduced perfusion of foetal villi will result in stagnant hypoxia. Since most work has been deduced from animal experiments it is not surprising that there are large areas of ignorance. Power and Longo (1973) have also demonstrated experimentally that changes in maternal vascular pressures influence foetal flow through the placenta, e.g. in maternal hypotension, inferior vena caval obstruction and during uterine contractions.
The most gross examples of acute stagnant foetal hypoxia are those due to sudden cord constriction, e.g. knot formation, cord prolapse and cord compression during labour. The first example is fortunately rare but a non-preventable cause of intrauterine death. Cord prolapse is rapidly fatal unless immediate delivery can be performed. Cord compression is not uncommon and continuous foetal monitoring will determine the best obstetric course in order to obtain the optimum outcome.
The effects of general anaesthetic agents upon foetal cardiac output and perfusion are largely unknown. However, it is unlikely that the direct effects of drugs used in normal clinical practice have marked effects on foetal cardiovascular dynamics. Vagolytics, as expected, prevented vagal foetal bradycardia or cause tachycardia.
The position of local anaesthetic agents on foetal cardiovascular function is complex and little understood. Free circulating maternal local anaesthetic certainly passes into the foetal circulation with ease and may directly affect cardiac output or possibly the foetal side of the placental circulation. The importance of these effects in clinical practice are unknown and differing conclusions have arisen from measurements in different studies (Tucker and Mather 1975) . Providing direct intravascular injections are prevented, and the incremental doses used are small-as is usual in modern obstetric epidural practice-then there seems no cause for alarm regarding direct toxic effects of local anaesthetics on foetal cardiovascular dynamics. However, the use of epidural blockade for Caesarian Section necessitating larger dosage, requires further study. Subarachnoid block overcomes any possibility of systemic toxicity. CONCLUSIONS " The evidence available is like an unfinished patchwork quilt, derived from many species and incomplete in part" Foetal hypoxia is a topic which has attracted many disciplines both in the basic sciences and in clinical research. Much has been learned and yet there remains a large shadow of ignorance and dispute. This review has been based on a theoretical approach to the subject in an attempt to bring together physiological knowledge into a broad cohesive classification with clinical applications.
In conclusion therefore, the following recommendations can be summarized as representing sensible measures to prevent or treat foetal hypoxia.
1. Excellent obstetric care: The most dramatic improvement in perinatal mortality is largely a tribute to modern obstetrics. Antenatal care and treatment of diabetes, toxaemia, anaemia and rhesus isoimmunization are obvious examples. Smoking should be discouraged. Modern methods of assessing placental function are designed to ensure delivery at the best time by the best means. During labour continuous monitoring of foetal heart rate and uterine contractions will provide early warning of foetal hypoxia. The second stage of labour is a relatively asphyxial period requiring excellent supervision and obstetric intervention when the foetus displays distress signals.
2. Treatment of hypovolaemia: An adequate blood volume for cardiac filling must be ensured. Sensible intravenous infusion of appropriate fluids is important.
3. Adequate inspired oxygenation concentration: Avoiding maternal hypoxia is important throughout labour, and especially relevant during anaesthesia. Raising inspired oxygen concentration above environmental values is a safe and effective method of increasing foetal levels. During Caesarian Section FI0 2 of 50% or more is desirable prior to delivery.
4. Reduction of oxygen consumption: Although of limited value, the lowering of oxygen requirements may be helpful in certain situations by inducing general anaesthesia or regional analgesia.
Prevention of hypoventilation:
The raised alveolar ventilation required to maintain normal maternal oxygenation during pregnancy and labour should be remembered. The action of analgesic drugs in the absence of pain should be recalled, and during general anaesthetics spon- Anaesthesia and Intensive Care, Vol. VI, No. 1, February, 1978 taneous ventilation (especially in the lithotomy position) should be regarded as bad practice. Controlled ventilation is preferable.
6. Maintenance of cardiac output: The " hyperdynamic" state of both circulations has been stressed as important to placental gaseous interchange. Maintenance of this high cardiac output and prevention of myocardial depression should be paramount in the practice of anaesthesia related to obstetrics.
7. Prevention of hypotension: A fall in maternal arterial blood pressure is particularly harmful to the foetus from whatever cause and should be avoided or promptly treated.
8. Avoidance of excessive hypocapnia: From the evidence cited it seems prudent to avoid a very low maternal PaC0 2 , especially during general anaesthesia.
9. Prevention of aortocaval compression: The harmful effects of the supine position have been convincingly proven.
Mothers should be advised accordingly during the last trimester, and uterine displacement must be mandatory during labour and anaesthesia for Caesarian Section.
10. Prevention of uterine contraction "stress" : Foetal monitoring during labour will ensure that early warning signs of impending asphyxia from this cause are available, and appropriate action taken.
